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Abstract

Many adolescents engage in heavy alcohol use. Limited research in humans indicates that 

adolescent alcohol use predicts adult tobacco use. The present study investigated whether 

adolescent intermittent ethanol (AIE) exposure alters nicotine sensitivity in adulthood. Adolescent 

male Wistar rats (postnatal day 28–53) were exposed to AIE exposure that consisted of 5 g/kg of 

25% ethanol three times per day in a 2 days on/2 days off regimen. Control rats received water 

with the same exposure regimen. In adulthood, separate groups of rats were tested for nicotine 

intravenous self-administration (IVSA), drug discrimination, and conditioned taste aversion 

(CTA). The dose-response function for nicotine IVSA under a fixed-ratio schedule of 

reinforcement was similar in AIE-exposed and control rats. However, AIE-exposed rats self-

administered less nicotine at the lowest dose, suggesting that low-dose nicotine was less 

reinforcing in AIE-exposed, compared with control rats. AIE-exposed rats self-administered less 

nicotine under a progressive-ratio schedule, suggesting decreased motivation for nicotine after AIE 

exposure. The discriminative stimulus effects of nicotine were diminished in AIE-exposed rats 

compared with control rats. No group differences in nicotine CTA were observed, suggesting that 

AIE exposure had no effect on the aversive properties of nicotine. Altogether, these results 

demonstrate that AIE exposure decreases sensitivity to the reinforcing, motivational, and 

discriminative properties of nicotine while leaving the aversive properties of nicotine unaltered in 

adult rats. These findings suggest that drinking during adolescence may result in decreased 

sensitivity to nicotine in adult humans, which may in turn contribute to the higher rates of tobacco 

smoking.
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Introduction

Drug use often begins in adolescence, and alcohol is the most widely used drug by 

adolescents. Nearly half of American twelfth grade students report having consumed at least 

one alcoholic beverage in the last 30 days, with nearly a quarter of students reporting at least 

one binge drinking episode in the last 2 weeks (Johnston et al., 2013). Alcohol use during 

adolescence may increase tobacco use in adulthood (Dierker et al., 2013; Paavola et al., 

2004). Work in rodents has demonstrated that exposure to nicotine or alcohol during 

adolescence increased self-administration of the same drug in adulthood (Adriani et al., 

2003; Alaux-Cantin et al., 2013), suggesting that adolescence is a time of vulnerability to the 

development of substance use disorders.

Exposure to high doses of alcohol during adolescence may interfere with the development of 

corticolimbic brain circuits involved in reward processes (Chambers et al., 2003) and thus 

may increase drug use in adulthood. The psychoactive effects of nicotine result primarily 

from the activation of nicotinic acetylcholine receptors located on dopaminergic neurons in 

the ventral tegmental area (De Biasi and Dani, 2011). Decreases in cortical dopamine and 

forebrain cholinergic activity have been reported in adulthood after adolescent alcohol 

exposure (Boutros et al., 2015; Coleman et al., 2011; Ehlers et al., 2011). Based on 

alterations induced by adolescent alcohol exposure in the cholinergic and dopaminergic 

systems, we hypothesized that adolescent alcohol exposure will alter adult sensitivity to 

nicotine.

The present study investigated the long-term effects of adolescent intermittent ethanol (AIE) 

exposure on nicotine sensitivity in adult rats. The primary reinforcing and motivational 

effects of nicotine were assessed in the nicotine intravenous self-administration (IVSA) 

procedure using fixed-ratio (FR) and progressive-ratio (PR) schedules of reinforcement, 

respectively (Markou et al., 1993). The discriminative stimulus effects of nicotine were 

assessed in a nicotine discrimination procedure. The aversive properties of nicotine were 

assessed using a two-bottle conditioned taste aversion (CTA) procedure. Based on our 

previous work, we used an AIE exposure regimen that resulted in high blood ethanol 

concentrations, modeling the extreme binge drinking engaged in by 5–10 % of American 

adolescents (Patrick et al., 2013; Schuckit et al 2014). This AIE exposure regimen has been 

shown to lead to altered alcohol reward (Boutros et al., 2014), increased impulsive choice 

(Mejia-Toiber et al., 2014), and increased risky decision making, together with decreased 

immunohistochemical markers for cholinergic and dopaminergic neurons (Boutros et al., 

2015) in adulthood. Similar AIE exposure regimens have resulted in increased alcohol self-

administration (Alaux-Cantin et al., 2013; Pascual et al., 2009) and enduring neural changes 

(Vetreno and Crews, 2012) in adulthood.

Materials and Methods

Subjects

Timed-pregnant female Wistar rats (Charles River, Raleigh, NC, USA) arrived in the 

vivarium on gestational day 13. Male pups were weaned on postnatal day 21 (PND 21) and 

pair-housed in a humidity- and temperature-controlled vivarium on a 12 h/12 h reverse light/
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dark cycle. Food was available ad libitum from weaning and throughout the AIE exposure 

period. Independent groups of rats were tested in the IVSA (Control: n = 15; AIE-exposed: n 
= 17), drug discrimination (Control: n = 6, AIE-exposed: n = 6), and CTA (Control: n = 16, 

AIE-exposed: n = 16) procedures. The rats that were tested in the nicotine IVSA and 

nicotine discrimination procedures were food-restricted throughout testing. Each rat received 

20 g of rat chow per day, in addition to the food pellets obtained during testing. The rats that 

were tested in the CTA procedure had ad libitum access to food throughout and were 

restricted to 1 h of water access per day. All of the procedures were conducted in accordance 

with the guidelines of the American Association for the Accreditation of Laboratory Animal 

Care and the National Research Council’s Guide for Care and Use of Laboratory Animals 

and were approved by the Institutional Animal Care and Use Committee.

Drugs

Ethanol—Ethanol was administered at a concentration of 25% (v/v) in tap water, with the 

volume determined by individual body weight. Control rats were administered a volume of 

water equivalent to the highest ethanol dose (5 g/kg).

Nicotine—Nicotine hydrogen tartrate (Sigma, St. Louis, MO) was dissolved in saline, and 

the pH was adjusted to 7.4 with sodium hydroxide. Nicotine doses are reported as base 

concentrations. For IVSA, nicotine was delivered at doses ranging from 0.005 to 0.06 

mg/kg/infusion in a volume 0.1 ml/infusion, with the nicotine dose adjusted according to 

individual body weight. For subcutaneous injections, nicotine was administered at doses of 

0.4 or 0.8 mg/kg in a volume of 1 ml/100 g.

Adolescent intermittent ethanol exposure

A timeline of all experimental events, including the ages of the rats during AIE exposure and 

behavioral testing, is presented in Table 1. From PND 28 to PND 53, the rats were 

administered 5 g/kg of 25% (v/v) ethanol or an equivalent volume of water (control rats) 

intragastrically via oral gavage three times per day at 8:00 AM, 12:00 PM, and 4:00 PM in a 

2 days on/2 days off pattern. The rats were observed for behavioral intoxication scores 

(BISs) before each ethanol administration, and the doses were adjusted according to BISs as 

previously described (Boutros et al., 2014; Mejia-Toiber et al., 2014). Blood samples (200 

μl) were taken from the tip of the tail for the analysis of blood ethanol concentrations 

(BECs) 60–90 min after the final ethanol administration on the second day of binge 2 (PND 

33) and binge 6 (PND 49). Blood samples were immediately centrifuged at 1500 rotations 

per minute for 15 min. Plasma was extracted and stored at −80°C until further analysis. 

Plasma samples (5 μl) were analyzed using an Analox AM 1 analyzer (Analox Instruments 

LTD, Lunenberg, MA, USA).

Apparati

Intravenous nicotine self-administration—IVSA was conducted in 24 standard two-

lever operant testing chambers (24 cm × 30 cm × 28 cm; Med Associates, St. Albans, VT, 

USA) enclosed within sound-attenuated boxes. Each chamber was equipped with a 

ventilator fan to provide air circulation and ambient low-level noise. One wall was equipped 

with two metal retractable levers (each 3 × 1.8 cm) mounted 6.5 cm above the metal grid 

Boutros et al. Page 3

Addict Biol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



floor of the chamber. One lever was designated as the active lever, and the other lever was 

designated as the inactive lever. Intravenous infusions through the catheter were delivered by 

an infusion pump (Razel Scientific Instruments, Stamford, CT, USA) through tubing 

protected by a spring lead connected to a swivel. All of the experimental events were 

recorded by an adjacent computer that ran Med-PC software.

Nicotine discrimination

Nicotine discrimination training and testing were conducted in 12 identical standard nine-

hole operant chambers (25.5 cm × 28.4 cm × 28.7 cm; Med Associates, St. Albans, VT, 

USA) enclosed in sound-attenuating boxes. Each chamber was equipped with a ventilator 

fan to provide air circulation and ambient low-level noise. The rear wall of each chamber 

was curved with nine nosepoke holes equipped with photobeams. Only the two outermost 

holes were open. A magazine connected to a food dispenser was located on the opposite 

wall. All of the experimental events were recorded by an adjacent computer that ran Med-PC 

software.

Behavioral procedures

Intravenous nicotine self-administration—Methodological details of catheter 

construction, surgery, and the acquisition of nicotine-maintained responding have been 

described elsewhere (Liechti et al., 2007). Briefly, the rats were food-restricted and trained 

to respond for food, progressing from an FR1 timeout 1 s (TO1 s) to FR5 TO20 s schedule. 

The rats were then prepared with intravenous catheters in the right jugular vein under 

isoflurane/oxygen vapor (1–1.5% isoflurane) anesthesia and were allowed to self-administer 

nicotine (0.03 mg/kg/inf). Active lever responses (previously paired with food) resulted in 

nicotine delivery and the presentation of a 20-s cue light above the active lever, during which 

time active-lever responses had no consequences (i.e., timeout). Responding on the inactive 

lever (introduced during the first self-administration session) had no consequences. In the 

nicotine IVSA procedure with FR schedules of reinforcement, training and testing sessions 

were 1 h in duration and conducted 5 days per week.

Fixed-ratio schedule of reinforcement—When nicotine-maintained responding 

stabilized for all rats (< 20% variability in the number of infusions per session over five 

consecutive sessions; approximately 21 training sessions total), the nicotine dose per 

infusion (0.01, 0.03, and 0.06 mg/kg/infusion) was varied according to a within-subjects 

Latin-square experimental design. Each dose was administered for 5 days. The lowest 

nicotine dose (0.005 mg/kg/infusion) was tested after completion of the Latin square.

Progressive-ratio schedule of reinforcement—After completion of the dose-

response function under the FR schedule, PR schedule training commenced using a 0.03 

mg/kg/infusion dose. In the PR schedule, the response requirement for each successive 

nicotine reward increased according to the following formula: {5e[(pellet#+2)/4]}-6. The 

progression of required lever presses to earn one pellet was 5, 8, 11, 16, 23, 31, 41, 55, 72, 

94, 123, etc. Sessions ended after 1 h with no responses or after 6 h total. All animals 

reached breaking points before the end of the 6 h period. On average, the rats completed 

testing and breaking points were reached within 3 h. The breakpoint was defined as the 
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highest ratio completed. When responding stabilized for all rats (< 20% variability in the 

number of infusions per session over 5 consecutive sessions) the nicotine dose (0.005, 0.01, 

and 0.06 mg/kg/infusion) was varied according to a within-subjects Latin-square 

experimental design.

Nicotine discrimination—All of the rats were first trained to make nosepoke responses 

in both response holes according to an FR10 schedule of food reinforcement. In the nicotine-

saline discrimination sessions, responses to only one of the two alternatives was reinforced 

each session. The reinforcement for one nosepoke hole was associated with saline, whereas 

the reinforcement for the other nosepoke hole was associated with nicotine (0.4 mg/kg, 

subcutaneously, 5 min before the session). The daily order of sessions was according to the 

following sequence: Nicotine, Saline, Nicotine, Saline, Nicotine, Nicotine, Saline, Saline. A 

response to the incorrect alternative reset the FR counter on the correct alternative. Training 

was conducted until the following criteria were met during four consecutive sessions (two 

saline, two nicotine): (1) first completed FR10 was to the nosepoke hole reinforced that 

session, (2) the percentage of correct responses was ≥ 80% for the entire session, (3) at least 

50 rewards were earned per session. When all of the rats met the above criteria, 

generalization probes were conducted. Generalization probes were identical to training 

sessions, with the exception that responses to either alternative were reinforced according to 

an FR10 schedule. During 30-min test probes, saline and nicotine (0.05, 0.1, 0.2, 0.3, and 

0.4 mg/kg, 5 min before the session) were administered in a random order. Test sessions 

were conducted once per week with training sessions conducted on the other days of the 

week.

Conditioned taste aversion—Conditioned taste aversion training and testing were 

conducted in chambers that were identical to the home cages as previously described 

(D’Souza and Markou, 2014). Briefly, during conditioning (8 days), bottles that contained 

water that was flavored with grape or cherry Kool-aid (both unsweetened) were alternated 

daily. The rats had access to the flavored solution for 15 min. Nicotine was paired with one 

flavor, and saline was paired with the other flavor (counterbalanced across rats within each 

group). Half of the rats in each group received high-dose nicotine (0.8 mg/kg), and half 

received low-dose nicotine (0.4 mg/kg). During the two 20 min test sessions, the rats had 

access to both flavors with the side position of the bottles reversed in the second test session.

Statistical analyses

All of the group data were subjected to univariate analysis of variance (ANOVA) using SPSS 

18 software (SPSS, Chicago, IL, USA). In the IVSA study, the dependent variable was the 

number of nicotine infusions. In the FR dose-response function, the lowest nicotine dose 

(0.005 mg/kg/infusion) was administered after the Latin square and analyzed separately 

using a t-test. For this lowest nicotine dose, the effect size (Cohen’s d value) was calculated. 

In the nicotine discrimination study, the percentage of correct responses was calculated for 

each training session as the following: Correct responses/(Correct responses + Incorrect 
responses). Separate ANOVAs were conducted for sessions when nicotine was administered 

and when saline was administered. In the generalization probes, the percentage of nicotine 

responses was calculated. For the CTA study, the mean of the volume of saline-paired and 
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nicotine-paired solution (in milliliters) that was consumed during the two test sessions was 

measured. For AIE exposure, we compared the BECs on PND 33 and PND 49 using a 

paired-subjects t-test. We also analyzed the total ethanol dose received on each binge day 

and the average daily BIS using a repeated-measures ANOVA, with Binge number and 

Binge day as the factors.

For all of the analyses, AIE exposure was used as a between-subjects factor. For response 

acquisition in the IVSA and nicotine discrimination experiments, Training session was 

included as a within-subjects factor. For evaluation of the dose-response functions in the 

IVSA and drug discrimination experiments, nicotine Dose was used as a within-subjects 

factor. In the CTA experiment, Dose was a between-subjects factor. The level of significance 

was 0.05. Significant main and interaction effects were followed by t-tests using a Šidák 

adjustment for multiple comparisons. For repeated-measures analyses, Mauchly’s test of 

sphericity of the covariance matrix was applied. When the sphericity assumption was 

violated, the degrees of freedom for any term that involved that factor were adjusted to more 

conservative values by applying the Huynh-Feldt correction. We report the uncorrected 

degrees of freedom.

Results

Adolescent intermittent ethanol exposure

Blood ethanol concentrations were significantly higher on PND 49 than on PND 33 (238.7 

± 2.7 and 204.5 ± 7.7, respectively; t40 = 4.42, p < .001). The mean daily BIS was measured 

immediately before the second and third daily injections (4 h after the previous ethanol 

administration). The total ethanol dose administered on each binge day and BISs are 

presented in Table 2. For the BIS, there were significant main effects of Binge Number 
(F6,240 = 58.22, p < .001) and Binge Day (F1,40 = 310.03, p < .001) and a Binge Number × 

Binge Day interaction (F6,240 = 17.09, p < .001). The post hoc tests revealed that the BIS 

was significantly higher on Binge Day 2 during Binges 1, 2, 3, 4, and 6. For the total ethanol 

dose administered, there were significant main effects of Binge Number (F6,246 = 36.66, p 
< .001) and Binge Day (F1,41 = 117.47, p < .001) and a significant Binge Number × Binge 
Day interaction (F6,246 = 19.63, p < .001). The ethanol dose administered was significantly 

smaller on the second day of the 2-day binge for Binge 1, Binge 2, Binge 4, and Binge 6.

Nicotine intravenous self-administration

Fixed-ratio schedule of reinforcement—There were no differences between AIE-

exposed and control rats during training for a food reinforcer (data not shown). When 

nicotine was substituted for food, there was an initial drop in response rates from training 

day 1 to day 2 in all rats (Figure 1A). During nicotine IVSA acquisition, both AIE-exposed 

and control rats acquired nicotine self-administration at similar rates (significant main effect 

of Training session, F18,540 = 18.02, p < .001; no main effect of AIE exposure; no AIE 
exposure × Training session interaction; Figure 1A). For the dose-response function 

(including doses of 0.01, 0.03, and 0.06 mg/kg/infusion), there was a significant main effect 

of Dose (F4,116 = 28.74, p < .001) but no main effect of AIE exposure and no Dose × AIE 
exposure interaction (Figure 1B). At the lowest dose (0.005 mg/kg/infusion), control rats 
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obtained significantly more nicotine infusions (14.60 ± 4.42) than AIE-exposed rats (11.17 

± 3.59; t29 = 2.38, p < .05; d=0.23; Figure 1B).

Progressive-ratio schedule of reinforcement—During acquisition, AIE-exposed rats 

acquired nicotine self-administration at lower rates (Figure 2A). There were significant main 

effects of Training session (F9,270 = 9.05, p < .001) and AIE exposure (F1,30 = 4.97, p < .05) 

but no AIE exposure × Training session interaction (Figure 2A). In the dose-response 

function, there was a significant main effect of Dose (F3,90 = 19.57, p < .001). Post hoc tests 

comparing responding of all rats at each dose indicated significantly more responses per 

session and a higher breakpoint when nicotine was available at the training dose (0.03 

mg/kg/infusion) compared to all other doses. In addition, there were significantly fewer 

responses per session and a lower breakpoint when nicotine was available at the lowest dose 

tested (0.005 mg/kg/infusion) compared to all higher doses. There was also a nearly 

significant main effect of AIE exposure (F1,30 = 3.19, p = .084), but no significant AIE 
exposure × Dose interaction (Figure 2B).

Nicotine discrimination—AIE-exposed and control rats were trained to discriminate 

between saline and nicotine (0.4 mg/kg, s.c.) during 23 training sessions. There was a 

significant main effect of Training session during sessions when nicotine (F22,220 = 2.38, p 
< .005) and saline (F22,220 = 4.01, p < .001) were administered, with no main effect of AIE 
exposure and no interactions (data not shown). During nicotine generalization probes, there 

were significant main effects of Nicotine dose (F3,30 = 9.48, p < .001) and AIE exposure 
(F1,10 = 4.90, p = 0.05). Control rats were more likely to make a nicotine-appropriate 

response at doses that were lower than the training dose (Figure 3). No interactions were 

observed.

Conditioned taste aversion—All of the rats consumed more of the saline-paired 

solution (15.60 ± 0.56 ml) relative to the nicotine-paired solution (3.20 ± 0.68; main effect 

of Nicotine, F1,28 = 133.11, p < .001; Figure 4). There was no effect of either AIE exposure 
or Nicotine dose on the amount of saline-paired solution consumed. The ANOVA of the 

amount of nicotine-paired solution consumed revealed a significant main effect of Nicotine 
Dose (F1,28 = 7.80, p < .01) but no effect of AIE exposure or Test Day and no interactions. 

AIE-exposed and control rats that were conditioned with the high nicotine dose (0.8 mg/kg) 

consumed less of the nicotine-paired solution compared with rats that were conditioned with 

the low nicotine dose (0.4 mg/kg; Figure 4).

Discussion

Our results demonstrated that AIE exposure decreased nicotine sensitivity in adulthood. 

Decreased nicotine reinforcement and motivation for nicotine after AIE exposure were 

reflected in decreased nicotine intake in AIE-exposed rats compared with control rats during 

nicotine IVSA under FR and PR schedules of reinforcement, respectively. In the nicotine 

discrimination task, AIE-exposed rats were less likely than control rats to make responses to 

the nicotine-associated alternative, indicating decreased nicotine discrimination. The lack of 

an effect of AIE exposure on nicotine aversion was reflected in equivalent aversion to the 

nicotine-associated flavor after nicotine CTA in AIE-exposed and control rats.
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AIE exposure decreased the primary reinforcing effects of self-administered nicotine at the 

lowest dose tested (0.005 mg/kg/inf), although the effect size was small. There were no 

differences in the sensitivity to nicotine between AIE-exposed and control rats at higher 

nicotine doses, including the training dose. The pattern of fixed-ratio responding for nicotine 

at the lowest dose tested throughout the 5-day period was stable (i.e., no initial 

compensatory increase in responding or gradual decrease in responding during subsequent 

days) in both control and AIE-exposed rats (data not shown). This finding suggests that 

decreases in responding were not associated with extinction conditions, and the lowest 

nicotine dose was reinforcing. Moreover, decreased responses in AIE-exposed rats compared 

to water-exposed rats reflect a difference in the reinforcing effects of low-dose nicotine 

rather than a difference in extinction responding. The effects of AIE exposure on the 

motivational properties of nicotine were more robust. AIE-exposed rats exhibited decreased 

motivation to self-administer nicotine during acquisition, together with a tendency for 

decreased nicotine intake and breakpoints throughout the dose-response function under a PR 

schedule of reinforcement. However, considering that motivation for nicotine is maintained 

by the conditioned rewarding effects of nicotine, as well as the weak reinforcing effects of 

nicotine (Caggiula et al., 2001), it is possible that AIE exposure may result in increased 

motivation for nicotine after a period of abstinence when subjects are re-exposed to nicotine-

associated cues. More research in this area is warranted.

Consistent with the decreased self-administration of low-dose nicotine after AIE exposure, 

the AIE-exposed rats made fewer nicotine-paired responses when tested with nicotine doses 

that were lower than the dose used during acquisition in the nicotine discrimination task. 

Thus, for AIE-exposed rats but not control rats, the interoceptive properties of lower nicotine 

doses were more similar to saline than to the interoceptive properties of nicotine at the 

training dose, suggesting that AIE exposure decreased the subjective effects of nicotine at 

the low dose.

The aversive effects of nicotine at high doses (e.g., nausea and gastrointestinal distress) may 

play a role in nicotine intake. In choice tests after CTA, all of the rats consumed less of the 

solution that was previously paired with nicotine compared with the solution that was paired 

with saline, with no effect of AIE exposure. Moreover, rats that were conditioned with the 

high nicotine dose exhibited greater aversion to the nicotine-paired flavor compared with 

rats that were conditioned with low-dose nicotine, again independent of AIE-exposure. 

These results suggest that the decreased sensitivity to the reinforcing, motivational, and 

discriminative effects of nicotine was not attributable to nicotine aversion. Alternatively, 

nicotine-induced CTA may also suggest positive conditioned suppression related to the 

rewarding properties of nicotine (Grigson, 1997; Stolerman and Dmello, 1981). The lack of 

effects of AIE exposure on nicotine-induced CTA may suggest that AIE exposure may not 

affect the conditioned rewarding effects of nicotine, but this hypothesis needs further 

examination.

Previous studies have demonstrated that exposure to ethanol results in cross-tolerance to 

some of the effects of nicotine when tested shortly after ethanol exposure (Collins et al., 

1988). In the present studies, the decreased nicotine sensitivity was observed long after the 
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final ethanol administration, suggesting that mechanisms other than ethanol-nicotine cross-

tolerance may account for the present pattern of results.

The decreased sensitivity to nicotine after AIE exposure may have resulted from a loss of 

cholinergic neurons in the basal forebrain. Previous studies have reported that AIE 

exposures similar or identical to that used in the present study resulted in decreased 

cholinergic immunoreactivity in adulthood (Boutros et al., 2015; Coleman et al., 2011; 

Ehlers et al., 2011). Interestingly, intermittent ethanol exposure during adulthood did not 

affect cholinergic neurons (Vetreno et al., 2014), indicating that this effect was specific to 

AIE exposure. Although the effects of adult alcohol exposure on nicotine sensitivity have 

not been evaluated in the present work, it is possible that the decreased nicotine sensitivity 

following AIE exposure may be specific to adolescent ethanol exposure, though this 

hypothesis needs further investigation. Consistent with our findings, fetal alcohol exposure 

resulted in decreased cholinergic neurons (Swanson et al., 1995) and decreased sensitivity to 

some of the effects of nicotine (Nagahara and Handa, 1999a, 1999b).

The reinforcing, motivational, and discriminative effects of nicotine are mediated by 

nicotinic acetylcholine receptors (nAChRs) that contain the α4β2 subunit (De Biasi and 

Dani, 2011; Smith et al., 2007; Stolerman et al., 1997; Zaniewska et al., 2006). Prolonged 

exposure to alcohol self-administration decreased the availability of β2 subunit-containing 

nAChRs in monkeys (Cosgrove et al., 2010), and numerous effects of alcohol are mediated 

by β2 nAChRs (Dawson et al., 2013). Notably, mice that lack the β2 subunit showed flat 

generalization curves after training in a nicotine discrimination task but showed only partial 

attenuation of nicotine CTA (Shoaib et al., 2002). Our results showed that nicotine self-

administration and discrimination were attenuated by AIE exposure, whereas nicotine CTA 

was unaffected, suggesting a decrease in α4β2 nAChR availability after AIE exposure. 

Currently unknown is whether increased tobacco use in people with a history of drinking 

during adolescence (Dierker et al., 2013; Paavola et al., 2004) may be related to low levels of 

β2 nAChRs. However, increased smoking rates have been linked to the decreased availability 

of β2 nAChRs in people with schizophrenia (D’Souza et al., 2012). Thus, more research in 

this area is warranted.

The rewarding effects of nicotine arise partly from the activation of β2 nAChR-containing 

neurons that project from the ventral tegmental area to nucleus accumbens, resulting in 

dopamine release (Nisell et al., 1996; Picciotto et al., 1998). Our recent work demonstrated 

lower levels of tyrosine hydroxylase, a marker for dopamine (and norepinephrine), in the 

prelimbic cortex after AIE exposure (Boutros et al., 2015) Moreover, in vitro studies 

demonstrated that cells that were exposed to alcohol showed decreased nicotine-induced 

dopamine release (Dohrman and Reiter, 2003). These studies suggest that AIE-exposed rats 

may have decreased nicotine-induced dopaminergic activity in the corticolimbic reward 

pathway compared with control rats, leading to decreased sensitivity to the positive effects 

of nicotine. Alternatively, glutamatergic neurotransmission is also involved in nicotine 

reward (D’Souza and Markou, 2011; Markou, 2008). Decreased sensitivity to nicotine 

reward may be attributable to decreased glutamate levels in the nucleus accumbens after 

adolescent alcohol exposure (Lallemand et al., 2009).
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In summary, our results demonstrated that adolescent alcohol exposure decreased sensitivity 

to the rewarding, motivational, and discriminative effects of nicotine, together with no 

changes in nicotine-induced CTA in adulthood. Longitudinal studies in humans have 

reported increased tobacco use in adulthood after heavy adolescent alcohol use (Dierker et 

al., 2013; Paavola et al., 2004). Notably, nicotine-associated cues play a more important role 

in the maintenance of nicotine dependence than the weak reinforcing effects of nicotine 

(Caggiula et al., 2001). Thus, it is possible that AIE exposure may lead to increased 

conditioned rewarding effects of nicotine together with decreased sensitivity to the primary 

reinforcing effects of nicotine because these phenomena are mediated by different 

neurobiological mechanisms (Markou and Paterson, 2009). Consistent with this hypothesis, 

a recent study showed that decreased sensitivity to the locomotor activity stimulating effects 

of nicotine predicted increased conditioned rewarding effects of nicotine (Pastor et al 2013). 

Further, studies in humans have revealed that low sensitivity to alcohol predicted increased 

alcohol intake and the development of alcohol use disorders later in life (King et al., 2011; 

Schuckit, 1994). One intriguing possibility may be that a similar phenomenon exists for 

nicotine dependence. Namely, the selective decrease in the positive effects of low dose 

nicotine after adolescent alcohol exposure may result in a more rapid acceleration of tobacco 

use in order to achieve the desired psychoactive effects of nicotine. More research is needed 

to reveal the experimental conditions that model the increased tobacco use reported in 

humans with histories of heavy adolescent alcohol use.
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Figure 1. 
Nicotine infusions self-administered under a fixed-ratio (FR) schedule of reinforcement 

(FR5 TO20 s) during acquisition (A) and across the dose-response function (B) in AIE-

exposed and control rats. The asterisk denotes a significant difference between AIE-exposed 

and control rats at the lowest nicotine dose (independent-samples t-test, p < .05). The data 

are expressed as mean ± SEM.

Boutros et al. Page 13

Addict Biol. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Nicotine infusions self-administered under a PR schedule of reinforcement (left axis) and 

breakpoint (right axis) during acquisition (A) and across the dose-response function (B) in 

AIE-exposed and control rats. The asterisk denotes a significant main effect of AIE exposure 
in the ANOVA (p < .05). The carot denotes a significant difference from 0.005 mg/kg/

infusion and the hash-mark denotes a significant difference from 0.030 mg/kg/infusion. The 

data are expressed as mean ± SEM.
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Figure 3. 
Percentage of nicotine responses in AIE-exposed and control rats in the nicotine 

discrimination task. The asterisk denotes a significant main effect of AIE exposure in the 

ANOVA (p < .05).
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Figure 4. 
Nicotine-paired solution (Left) and saline-paired solution (Right) consumed (in milliliters) 

in AIE-exposed and control rats conditioned with high (Hi) or low (Lo) doses of nicotine in 

the conditioned taste aversion test. The Hash sign denotes a significant main effect of 

Nicotine vs. Saline pairing (p < .001). The carrot sign denotes a significant main effect of 

Nicotine dose in the ANOVA (p < .01) in the nicotine-paired solution only (Left). The data 

are expressed as mean ± SEM.
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Table 2

Behavioral intoxication score (BIS) and total daily ethanol dose (g/kg) administered on binge days 1 and 2 of 

each of the seven 2-day binges of the AIE exposure period.

Binge Number Binge Day 1 Binge Day 2

BIS Daily Dose BIS Daily Dose

1 1.0 ± 0.1 14.4 ± 0.2 1.7 ± 0.1 11.8 ± 0.2

2 0.5 ± 0.0 15.0 ± 0.0 1.2 ± 0.1 13.1 ± 0.2

3 0.4 ± 0.0 14.8 ± 0.1 0.7 ± 0.0 14.6 ± 0.1

4 0.6 ± 0.0 14.5 ± 0.1 0.9 ± 0.1 14.0 ± 0.1

5 0.8 ± 0.1 14.3 ± 0.2 0.9 ± 0.1 14.0 ± 0.1

6 0.7 ± 0.1 14.5 ± 0.1 1.3 ± 0.0 13.7 ± 0.2

7 1.3 ± 0.0 13.5 ± 0.2 1.3 ± 0.1 13.5 ± 0.2

The data are expressed as mean ± SEM.
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